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Abstract 
Wire Electro Discharge Machining (Wire-EDM) trim cut operations are performed to reduce the thickness of the thermally 
influenced zone. Mechanically high demanding applications like flexure hinges with high precision positioning tasks need exact 
knowledge about the level of thermal damage in the workpiece. Electron Backscatter Diffraction (EBSD) is used for a 
comprehensive characterization of the rim zone. Especially grain sizes and local crystal orientations can be analyzed in detail. By 
fundamentally correlating the local crystal orientation with the residual stress distributions from standard X-ray stress 
measurements for Wire-EDM operations, it will be possible in future to determine locally the thicknesses of the process induced 
damaged or altered layers with high resolution. This information can then be used to optimize the flexure hinge precision 
movement kinematics. 
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1. Intoduction 
To improve the accuracy of positioning and 
assembling processes new designs of manipulators are 
necessary. An approach for achieving high precision is a 
layout consisting of hinges without backlash and 
friction. One hinge-type with these characteristics is a 
flexure hinge. Figure 1 illustrates the according mobility. 
Fig. 1. Functional principle of a flexure hinge (not to scale) 
Due to their monolithic composition they can achieve 
movements with high accuracies. Local reductions of the 
hinge’s cross section allow it to pivot around this notch. 
By bending the hinge the rim zone of one notch is under 
high tensile strain. Although the strain never should 
exceed the maximum elastic strain of the material, the 
load is very demanding for the mechanical properties of 
the hinge. Inherent in the thermo-physical material 
removal principle of the Wire-EDM (W-EDM) process 
the machined rim zone is potentially thermally damaged 
and still not fully understood [1]. Although huge 
improvements in the W-EDM processes have been 
realized [2], [3], the remaining thermal damage reduces 
the mechanical capabilities of the hinge. Against the 
background of high precision hinges, it is essentially to 
know the metallurgical state of the workpiece and 
thereby be able to predict the mechanical hinge 
behavior. 
Through further developments in the W-EDM 
process the thickness of white layers and heat affected 
zones is comprehensively reduced, that standard 
axis of articulation flexure hinge
pivot angleinitial position
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methods like scanning electron microscopes (SEM) and 
stress measurements using X-ray diffraction (XRD), 
cannot sufficiently quantify the level of thermal damage 
in the rim zone any longer. 
Newer tools for analyzing crystalline microstructures, 
like Electron Backscatter Diffraction (EBSD), are 
promising for detecting thermal induced transformations 
of the rim zone more detailed than conventional analysis 
[3]. This motivates the analysis and comparison of main 
and last trim cut with the EBSD-method to generate new 
characteristic data about the heat affected zone after W-
EDM machining for mechanically high demanding 
applications like flexure hinges. 
2. Fundamentals of Electron Backscatter Diffraction 
In this section the principle of Electron Backscatter 
Diffraction (EBSD) is briefly explained. The possibility 
of observing diffraction patterns within the distribution 
of backscattered electrons in a SEM was first introduced 
by Nishikawa and Kikuchi in 1928 [4]. However, this 
technique did not become a widespread tool for material 
characterization before computer-aided pattern 
collection and automated indexing were available from 
the mid-1990s. Since then considerable progress has 
been made in terms of measurement speed, which is at 
present in the order of several hundred indexed 
diffraction patterns per second, as well as sensitivity of 
the used cameras, which allows measurements at lower 
electron energies. State-of-the-art automated EBSD is 
limited to crystalline materials in which grain sizes are 
larger than several tens of nanometers in diameter and 
several square millimeters in area. Strains near to the 
surface should not be immoderate, and the specimens 
must be compatible with the whole environment in an 
electron microscope. In particular, the specimens should 
be conductive and should not evaporate in vacuum or 
under the electron beam. The surface should be 
relatively flat and free from deformation introduced by 
preparation as well as altered surface layers 
(contamination, corrosion, etc.). The EBSD software 
controls the SEM and scans the beam across the 
specimen on a grid pre-defined by the operator, pausing 
at each point only long enough to acquire the backscatter 
diffraction pattern. Usually, the indexing of the acquired 
patterns is performed simultaneously during the 
measurement. 
An automated EBSD system consists of three main 
parts: the SEM, the pattern acquisition device  
(or camera), and hard- and software for pattern 
processing and data evaluation. The principle is depicted 
in Fig. 2. 
 
 
Fig. 2. Principle of EBSD analysis 
The backscatter Kikuchi pattern is commonly 
converted into light by a transparent phosphor. The 
resulting pattern is either viewed with a high-sensitivity 
camera through a window from outside the specimen 
chamber, or the phosphor screen is placed on a fiber 
optic bundle, which is directly coupled to the camera 
sensor. Once the patterns have been detected by the 
CCD (charge coupled device) cameras computer 
software is able to edit the patterns to ease the analyzing 
process [5]. 
3. Experimental setup and method 
All experimental work was carried out on a Sodick 
AP200L W-EDM machine tool. The machine uses CH-
based dielectrics, in this case the oelheld 
IonoFil OH 3567. The diameter of the chosen uncoated 
brass wire is d = 0.2 mm. The powder metallurgical cold 
work tool steel Vanadis 4 Extra (X140 CrMoV5-4-4 
PM) was used as workpiece material. This tool steel 
combines high strength with good ductility. The 
chemical composition of this steel is given in Table 1. 
Table 1. Alloy composition of X140 CrMoV5-4-4 PM [6] 
element Fe C Si Mn Cr Mo V 
chemical  
composition % 85.9 1.4 0.4 0.4 4.7 3.5 3.7 
 
The mechanical functionality of a flexure hinge is 
highly depending on the conditions in the rim zone [7]. 
To analyze the difference of rim zone formation between 
main and trim cut, two different types of test samples 
were manufactured: The first set of specimens was 
machined using a single rough cut. The second set was 
machined with nine trim cuts after main cut to reduce the 
heat affected zone and improve the surface roughness. 
The machining parameters were derived from the 
internal database of the Sodick AP200L to achieve the 
best surface quality. For rough cutting operations it had 
to be slightly modified to stabilize the EDM process and 
specimen
phosphor screen CCD camera
primary
electron beam
70°
beam forming
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avoid wire breakage. Table 2 shows the operating 
parameters used for main and the following trim cuts. 
Table 2.  Main operating parameters, slightly modified from standard 
technology for steel, height: h = 15 mm 
Parameter ON OFF IP MAO SV V SF PIK WT WP 
main cut 003 018 2015 380 080 8 0030 000 120 050 
1st trim 004 015 1025 490 110 2 2070 000 130 012 
2nd trim 001 014 1015 490 115 1 2080 000 130 012 
3rd trim 000 010 0015 100 113 1 2090 000 130 012 
4th trim 000 005 0004 100 090 1 2100 000 130 012 
5th trim 000 005 0015 000 000 8 2060 001 130 012 
6th trim 000 005 0015 000 000 7 2050 001 130 012 
7th trim 000 005 0015 000 000 6 5040 001 130 012 
8th trim 000 005 0015 000 000 6 2040 011 130 012 
9th trim 000 005 0015 000 000 4 0040 011 130 012 
 
After nine trim cuts the surface appears shiny and a 
surface roughness of Ra = 0.086 μm was achieved. To 
get a better understanding of the rim zone of flexure 
hinges, main and trim cuts were analyzed using EBSD. 
In order to perform EBSD analyses, cross-sections 
through the heat affected layers had to be prepared, 
which do not show any edge-rounding and are free of 
mechanical deformations introduced by polishing. 
Therefore, cross-sections have been produced by ion-
polishing using a JEOL SM-09010 cross-section polisher 
operated with 6keV Ar-ions for about 9 hours. In order 
to distinguish a possible redeposition of material at the 
sample surface from amorphized material by the W-
EDM, the eroded surface was sputter-coated with gold 
prior to polishing. The EBSD measurements were 
performed using a JSM7000F scanning electron 
microscope by JEOL equipped with Schottky field-
emission gun and a combined EDX/EBSD-system by 
EDAX-TSL consisting of a Si(Li)-EDX detector and a 
"Hikari" EBSD camera. For the measurements the 
system was operated at an electron energy of E = 20 keV 
and a probe current of approximately iP = 15 nA. The 
measured fields have been scanned with a step size of 
xSD = 100 nm each. The software used for measurement 
and data evaluation was OIM Data Collection and OIM 
Analysis by EDAX-TSL, both in version 6.2. 
4. Experimental results and discussion 
To analyze the surface integrity of main and trim cut 
for potential flexure hinges, three different types of 
images are generated using EBSD. This analysis will be 
completed by conventional X-ray diffraction residual 
stress measurements to identify and correlate effects that 
are only detectable with one of these methods. 
4.1. Crystallinity of the rim zone 
As a first result of EBSD measurements Fig. 3 shows 
a so-called Image Quality Map. It depicts, point-by-
point, the intensity of the diffraction bands in the pattern 
measured at this point. Since measurable EBSD patterns 
are only formed, if a large part of the electron interaction 
volume in the sample consists of one homogeneous and 
low-distorted crystal lattice, amorphous or 
nanocrystalline regions as well as grain boundaries result 
in weak or no diffraction bands in the patterns and 
therefore these points stay dark in the images. The 
formation of an amorphous/nanocrystalline surface layer 
by the EDM process can be identified using a thin layer 
of gold on top of it during preparation. In the pictures the 
gold layer is highlighted with a small white line above 
the surface characterizing the real workpiece surface. 
 
 
Fig. 3. Image Quality Map of the rim zone for the main cut 
The layer of the transformed material has therefore a 
thickness of around Gr = 14 μm for the main cut. It’s not 
completely amorphous or nanocrystalline. There are 
regions in the white layer with a crystalline 
microstructure. In the part of the resolidified layer that is 
next to base structure, the grain size is bigger than in the 
upper parts of the layer, but still a lot smaller than the 
base structure. Also the resolidified layer that is built up 
of accumulated metal drops has crystalline areas with 
very small grain sizes. So, in opposite to the trim cut 
machining cf. Fig. 4., after the main cut machining the 
white layer is not completely amorphous, but large 
regions are crystallized. Because of the thickness of the 
layer and the reduced heat conductivity of the used CH-
based dielectric, compared to deionized water, the metal 
cannot cool fast enough to stay amorphous. 
 
 
Fig. 4. Image Quality Map of the rim zone for the ninth trim cut 
35 μm
15 μm
240   F. Klocke et al. /  Procedia CIRP  13 ( 2014 )  237 – 242 
 
After the last trim cut the white layer, that consists 
fully of amorphous or nanocrystalline microstructure, is 
less than one micrometer thick. A significant 
transformation of the microstructure below the white 
layer is not visible in this picture. Therefore, by using 
the trim cut strategies a comprehensive reduction of the 
thermally influenced layer regarding crystallinity aspects 
can be confirmed. 
4.2. Characterization of micro structure in the rim zone 
Each backscatter Kikuchi pattern consists of single 
diffraction bands, each of which is a gnomonic 
projection of individual sets of lattice planes in the 
crystallite. By measuring the spatial arrangement of 
bands in the pattern, information about the interplanar 
angles in the crystal structure can be derived. Therefore, 
different crystal symmetries can be directly 
distinguished. As an example, the distribution of points 
identified as body-centered or face-centered cubic 
structures for the rim zone machined with the main cut is 
illustrated in Fig. 5. 
 
 
Fig. 5. Identified microstructure for the main cut 
The red or darker parts represent the body-centered 
cubic (bcc) microstructure. In the case of the used tool 
steel this phase consist of mainly ferrite and bainite. The 
bainite as a phase mixture of bainitic ferrite and thin 
carbon-rich second-phase particles cannot be separated 
directly from the ferrite in the chosen EBSD analysis. 
The green areas in base material are carbides with face-
centered cubic (fcc) structure.  
The crystalline areas with measurable diffraction 
patterns in the resolidified layer are almost completely 
austenitic. Obviously, the homogeneous redistribution of 
elements initially concentrated in the carbides in the base 
material as well as an implementation of wire material 
into the rim layer leads to a stabilization of the austenite 
during cooling. This prevents the material from 
undergoing a martensitic transformation during cooling 
for W-EDM machining, in opposite to e.g. the EDM 
process Cusanelli et al. analysed [8]. 
4.3. Analysis of the residual stress zone 
The reduction of the mechanical properties of EDMed 
workpieces is mainly caused through the tensile stresses 
due to the thermal material removal principle [9], [10]. 
Therefore the detailed visualization of the residual stress 
behavior with EBSD analysis and with measurement and 
correlation to standard X-ray diffraction results is the 
main task of this analysis. 
During EBSD, average misorientation patterns are 
generated by calculating the average change in 
orientation for every measured point when going to 
neighboring points in a distance of xSD = 100 nm as long 
as these neighbor points are still belonging to the same 
grain. This ‘Kernel Average Misorientation’ is plotted 
for each spot of the rim zone. The calculated local 
misorientations are affected by all effects which 
effectively ‘bend’ the lattice structure, such as strain, 
plastic deformation, geometrically necessary 
dislocations and subgrain boundaries. The corresponding 
map for the W-EDM main cut of the surface layer is 
illustrated in Fig. 6. 
 
 
Fig. 6. Average misorientation in the rim zone for the main cut 
In addition Fig. 7 shows the local misorientations for 
the ninth trim cut. The image of the trim cut is greater 
magnified, therefore the altered layer appears thicker as 
it would be with the same magnitude as the main cut. 
 
 
Fig. 7. Average misorientation in the rim zone for the ninth trim cut 
It can be seen, that in both cases, below the face-
centered cubic recrystallized part of the rim zone and the 
amorphous/nanocrystalline white layer respectively, the 
base material also shows an increase in local lattice 
deformation. Surprisingly, the actual misorientations are 
35 μm face-centered cubic / carbid
body-centered cubic 35 μm DSD = 0°/100 nm 1°/100 nm
xSD = 100 nm
15 μm DSD = 0°/100 nm 1°/100 nm
xSD = 100 nm
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larger for the trim cut. However the increase is not 
homogeneous, but shows a rather cellular structure. This 
effect points to a considerable formation of subgrain 
boundaries in the upper part of the base material during 
the W-EDM process – most likely via plastic 
deformation. These characteristics – up to now only 
detectable by the EBSD analysis – need further analysis 
in order to analyze the influences of this altered layer on 
mechanical workpiece surface functionality. 
To complete the rim zone characterization and to 
analyze possible correlations to the EBSD results, 
standard X-ray diffraction measurements (XRD) have 
also been carried out. In Fig. 8 the equivalent stress is 
plotted over the depth below surface. The stress levels 
were calculated using the residual stress measurements 
parallel to the surface. This non-dimensional value better 
indicates the degree of thermal damage in the rim zone 
compared to the dimensional residual stress in one 
direction by the EBSD analysis. It was calculated using 
the von Mises yield criterion presuming a plane stress 
near the surface. The equivalent stress level of the main 
cut is represented through the brighter points and the 
ninth trim cut is represented through the darker points. 
 
 
Fig. 8. Measured residual stresses in the rim zone 
For the main cut high tensile residual stresses in the 
range of up to 180 MPa can be identified in the 
workpiece surface layer and down to a depth of 15 μm. 
Given variations can be explained by the relative high 
surface roughness preventing exact measurements at this 
low level of depth. These high surface stresses 
constantly drop to the base level of the residual stresses 
within the given steel in the area of 55 MPa in a depth of 
80 μm below the workpiece surface. The remaining 
tensile residual stresses in the base material can be 
explained by the complex multiple-phase composition of 
the steel with carbides not allowing for a drop of the 
equivalent stresses to a complete stress free level. In 
contrast, regarding the ninth trim cut no increase of the 
residual stresses can be identified for the surface region 
resulting in a constant level of the bulk stresses up to the 
workpiece surface. Therefore for the ninth trim cut no 
process induced alterations of the equivalent residual 
stresses can be identified by the XRD measurements. 
Purely from these results no heat affected and altered 
layer has to be taken into account for further modelling 
of the rim zone. 
Comparing XRD and EBSD measurements, the XRD 
measurements of the main cut show a much deeper 
thermal transformation of the microstructure into the 
base material compared to the EBSD analysis. But for 
the ninth trim cut the situation is vice versa, the EBSD 
patterns show a heat affected zone down to about 8 μm 
but the XRD shows no alteration. Therefore for a more 
detailed modeling of the rim zone influence on the later 
workpiece functionality of high precision flexure hinges 
additional analysis have to be conducted in order to 
identify the process induced relevant alterations in the 
form of plastic deformation and remaining residual 
stresses. 
5. Conclusion and Outlook 
EBSD and additionally XRD measurements have 
been conducted in order to analyze in detail the surface 
integrity evolution of main and trim cuts. Therefore 
Wire-EDM machining tests of powder metallurgical 
steel in CH-based dielectric for high precision flexure 
hinges applications were carried out. The extension of 
amorphous or nanocrystalline layers as well as phase 
transformations in the upper parts of the rim layer can be 
detected by EBSD in detail. The predominant 
microstructure and the crystallinity of the rim zone can 
be identified for main and trim cut. 
The comparison between XRD and EBSD 
measurements shows that both techniques yield 
complementary information about the microstructural 
changes in the sample induced by W-EDM. For the main 
cut, the slowly decreasing residual stresses cannot, or 
can only be seen for the largest strains in the EBSD data. 
One reason might be the comparatively poor angular 
resolution in the orientation determination using 
standard EBSD conditions. This could be improved in 
the future using high-angular resolution EBSD as 
introduced by Wilkinson et al., 2006 [11]. On the other 
hand, EBSD is able to detect a considerable layer of 
(rather plastic) deformation in the trim cut, which is not 
visible in the XRD data. The EBSD analysis therefore 
presents itself as interesting extension to conventional 
rim zone characterizations like XRD and SEM. The 
effects of the transformations in the rim zone (visible in 
EBSD but not in XRD) on the mechanical properties and 
hinge behavior will be analyzed in further investigations. 
In order to find a model based explanation for these 
phenomena a FEM-simulation based analysis will be 
conducted. Independently of a detailed physical 
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explanation theory it is additionally necessary to 
correlate the degree of rim zone alteration, for example 
residual stresses, to the functionality of the workpiece 
[12]. Only this will allow predicting the quality and 
endurance of the product in dependence on the 
machining process. The influence of the detected rim 
zone transformation on the lifespan of a hinge and the 
alteration of the precision of the movement over the 
lifetime will therefore be analyzed in detail by using a 
capable test rig, currently under construction. 
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